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Abstract 
 
Background: 
The Greulich & Pyle (G&P) and Tanner & Whitehouse (TW) methods are frequently used to determine 
bone age. The question to be raised is, “Are these standards applicable to children of different ethnicity 
to those on which they are based?” 
Methods: 
Bone age was assessed using the G&P and TW3 methods, firstly by independent manual rating of 2 
observers, followed by a single observer using the BoneXpert software programme. In total, 420 hand 
trauma radiographs for Saudi Arabians (220 males, 329 left, age range 1 to 18 years) performed in the 
period January 2012– September 2016 were assessed. Paired sample t test was used to compare the 
difference between mean bone age (BA) and mean chronological age (CA) and to compare the 
difference between manual and BoneXpert ratings. Statistical analysis was undertaken using SPSS 
v.25. 
Findings: 
We found a statistically significant difference between BA and CA in males when using G&P (mean 
difference -0.36 ± 1 years, p <0.01) and TW3 (mean difference -0.22 ±0.9 years, p=0.03) methods but 
not in females for either G&P (mean difference 0.13 ± 1.2 years) or TW3 (mean difference 0.08 ± 1.1 
years). In males, BoneXpert results conformed to the manual ratings for TW3 but not for G&P, for which 
the mean difference between manual and BoneXpert ratings was -0.27 ±0.5 years (p<0.01). 
Interpretation: 
Our results indicate that manual and BoneXpert-derived G&P and TW3 bone age assessment can be 
applied with no modification to Saudi Arabian females. However, only TW3 BoneXpert-derived BA 
can be applied without caution to Saudi Arabian males. 
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Abstract
Introduction 1 
 2 
The determination of bone age is a routine diagnostic procedure usually required to identify 3 
growth disorders in children and plan for therapeutic procedures. It is important to assess bone 4 
age using a reliable method, one of which is the assessment of bone age from a left hand 5 
radiograph (1). Two approaches are widely used to assess bone age from a left-hand 6 
radiograph, namely the Greulich and Pyle (G&P) and the Tanner and Whitehouse (TW3) 7 
methods (2,3). The data that were used to establish the G&P atlas and the TW3 standard 8 
came from healthy children of north American and western European origin and was collected 9 
around 4 and 9 decades ago. In addition to potential secular change, ethnicity and 10 
socioeconomic status are factors that have an impact on children’s bone age. Therefore, one 11 
question to be raised when using these standards is, “Are they relevant to a current population 12 
of different ethnicity and/or socioeconomic status to the children used to develop the 13 
standards?” 14 
The G&P and TW3 methods were initially (and still most commonly) based on a subjective 15 
approach that is likely to suffer from variations in rating between assessors due to different 16 
levels of competence, with their reliability partially dependent on the skill of the assessor. To 17 
eliminate observer variation and reduce rating time, BoneXpert software was introduced in 18 
2009. This is an automated software programme that calculates bone age according to the 19 
G&P and TW3 methods (4). However, although the software has been validated in Caucasian 20 
(5,6), African-American (6), Hispanic and Asian-Chinese (6,7), studies on other populations 21 
are limited. Therefore, this study will assess the applicability of the G&P and TW3 to children 22 
from Saudi Arabia using both subjective (manual) rating and BoneXpert software.  23 
Methods 24 
Hand radiographs performed on children aged between 1 and 18 years old presenting to the 25 
Emergency Department of xxx between January 1st, 2012 and September 30th 2016 following 26 
trauma were retrospectively identified from the Picture Archiving and Communication System. 27 
Manuscript
All radiographs were acquired via a computerised radiography system, and were in DICOM 28 
format. Studies with a specific request for BA estimation were excluded. Emergency 29 
Department notes were scrutinised and any child with an underlying disorder was excluded. 30 
Demographic data including sex and age at the time of the radiograph were recorded. Only 31 
radiographs of Saudi Arabians were included and were confirmed using the national ID 32 
included within the health ID (8,9). All the radiographs were assessed first manually and then 33 
using the BoneXpert software. Ethical approval was obtained from Ministry of Health in Saudi 34 
Arabia before conducting the study.   35 
Manual rating 36 
 37 
Observers 1 and 2 independently assessed bone age from all radiographs without knowledge 38 
of chronological age using the G&P method. When the patient’s bone age was assessed to 39 
lie between two adjacent standards, the intermediate value was assigned as the bone age.   40 
Observers 1 and 3 assessed the radiographs using the RUS (radius, ulna and short bone) 41 
method. The time interval between Observer 1’s G&P and TW3 reads was at least three 42 
months. To determine intra-observer reliability, a random sample of 43 radiographs (22 males) 43 
were assessed by each observer 1 month following their initial reads.  44 
The maximum potential TW3 bone age score is 1000, which corresponds to an adult standard, 45 
while the minimum potential score is 42, which corresponds to 2 years of age. In this study, 46 
radiographs that were assigned as adult or did not achieve the minimum score were excluded. 47 
Additionally, for both G&P and TW3 reads, radiographs were excluded when bone age could 48 
not be assigned as a result of poor positioning or artefact.   49 
BoneXpert rating 50 
 51 
All radiographs were exported into an external hard drive and a standalone version of 52 
BoneXpert (Visiana, Holte, Denmark, v2.5.1.1) was used to determine bone age (G&P and 53 
TW3). Age was limited to 15 years in females and 17 years in males because the software 54 
does not provide a precise G&P reading above these ages. The default ethnicity for analysing 55 
the radiographs was Caucasian, as the software does not include ethnicity-specific standard 56 
deviation scores (SDS).  57 
Statistical analysis 58 
 59 
Statistical analysis was undertaken using SPSS version 24 for PC (IBM, Armonk, New York). 60 
Inter-observer reliability was assessed using interclass correlation coefficient. The mean 61 
variation for BA and CA was determined for each child by subtracting BA from CA (BA-CA). 62 
Therefore, a positive value indicates advanced BA, whereas a negative value indicates 63 
delayed BA, compared to CA. Paired sample t test was used to test the significance of the 64 
differences between BA and CA for each method and to test the significance of the differences 65 
between manual and BoneXpert ratings for each method. This analysis was undertaken 66 
separately for both males and females.  67 
Results 68 
G&P atlas: 69 
Concerning manual G&P ratings, 420 radiographs (220 males) were assessed by each 70 
observer. Tables 1 to 3 summarise the number of radiographs assessed by age and sex. The 71 
inter-class correlation coefficient (ICC) showed a high correlation between the two observers 72 
with coefficients of 0.984 for females and 0.991 for males. No significant intra-observer 73 
difference was identified (p=0.772). In this regards, readings from the first observer were used 74 
when comparing the BA to CA using the G&P atlas.   75 
BA was lower than CA in 48% of females and 61% of males, while being equal in 1% of males. 76 
The mean difference between BA and CA ranged from 37 months underestimation to 36 77 
months overestimation in both females and males. On average, G&P underestimated males 78 
by 0.31 years/4 months (p < 0.01) and overestimated females by 0.1 years/1 month (p = 0.089) 79 
(Table 1).  80 
With the cohort divided into yearly intervals, G&P overestimated females aged from 1 to 5 81 
years by between 0.5 and 6 months, apart from at 3 years of age. After 5 years of age, G&P 82 
consistently underestimated females by between 3 and 8 months until 9 years of age, with 83 
underestimation being statistically significant (p <0.05) at 6 years of age (Table 2). The G&P 84 
atlas then overestimated females by between 1 and 13 months with overestimation being 85 
statistically significant (p <0.05) at 12 and 13 years of age.  86 
G&P underestimated males from 1 to 13 years by between 2 and 13 months, apart from at 4 87 
years. This underestimation was statistically significant (p<0.05) at the ages of 7,8,9 and 10 88 
years (Table 3). After the age of 13 years, G&P overestimated males, but this did not reach 89 
statistical significance. 90 
BoneXpert, was not able to analyse 208 (50%) of the radiographs, thus only 212 radiographs 91 
(114 males) were included in the final analysis. BoneXpert overestimated G&P BA in females 92 
by 2 months ( p = 0.06) and underestimated G&P BA in males by 2.5 months (p < 0.05). Mean 93 
difference between BA and CA ranged from 32 months underestimation to 30 months 94 
overestimation in both females and males. 95 
With the cohort divided into yearly intervals, G&P BA derived by BoneXpert followed a similar 96 
pattern of under/overestimation as the manual rating in females, however, no statistical 97 
significance was found, apart from at the age of 13 where the software significantly 98 
overestimated females (p<0.05) (Table2). In males, in contrast to manual rating BoneXpert 99 
overestimated males aged between 2 and 6 years by between 1 and 4 months. BoneXpert 100 
underestimated G&P BA in males aged between 7 and 12 years, with underestimation being 101 
statistically significant (p<0.01) at ages 8 and 9 years (Table3). 102 
The G&P manual rating was lower than BoneXpert derived G&P by an average of 0.27 years/3 103 
months in males (p < 0.01) and 0.1 years/1 month (p = 0.184) in females. Bland Altman plots 104 
comparing manual and BoneXpert ratings in females and males using G&P are illustrated in 105 
Figures 1a and 1b 106 
 107 
TW3 Method:  108 
 109 
Concerning manual TW3 ratings, 67 radiographs were excluded from analysis for the following 110 
reasons; (a) 43 radiographs achieved the maximum score (26 females), (b) 14 radiographs 111 
did not reach the minimum score (6 females), (c) 11 radiographs were poorly positioned, such 112 
that bone age could not be determined. In total, 353 radiographs were included in the final 113 
analysis (Tables 1, 4 and 5). The intra-class correlation coefficient indicated a high correlation 114 
between the two observers (0.972 for females and 0.963 for males). As there is no significant 115 
intra-observer difference was identified (p=0.351), readings from the first observer was used 116 
when comparing BA to CA. 117 
BA was lower than CA in 44% of females and 56% of males, while being equal in 1% of 118 
females. The mean difference between BA and CA ranged from 30 months underestimation 119 
to 28 months overestimation in both females and males. On average, TW3 underestimated 120 
males by 0.22 years/2.5 months (p < 0.01) and overestimated females by 0.1 years/1 month 121 
(p = 0.413) (Table 1).  122 
With the cohort divided into yearly intervals, TW3 overestimated females aged from 1 to 13 123 
years by between 0.5 and 7 months, apart from at 6,7 and 8 years, with overestimation being 124 
statistically significant (p <0.05) at 11 and 12 years of age (Table 4). In contrast, TW3 125 
underestimated males aged 5 to 11 years, with underestimation being statistically significant 126 
(p <0.05) at 8 and 9 years. After the age of 11 years, TW3 overestimated males by between 127 
1 to 6 months, with overestimation being statistically significant (p <0.05) at 13 years.  128 
Concerning BoneXpert, additional 5 radiographs (2 females) were excluded as the 129 
radiographs achieved the maximum score according to the BoneXpert-derived TW3 BA. 130 
BoneXpert overestimated TW3 BA in females by an average of 1 month, while 131 
underestimating males by 2 months (Table 1). Mean difference between BA and CA ranged 132 
from 28 months underestimation to 30 months overestimation in both males and females. 133 
Breaking the cohort into yearly intervals showed that similar to manual ratings, the software 134 
overestimated TW3 BA in females aged between 10 and 13 years, being statistically 135 
significant at age of 8 years (Table 4). In males, BoneXpert underestimated TW3 BA in males 136 
aged between 7 and 12 years, being statistically significant at the age of 9 years (Table 5). 137 
Mean BA using the manual TW3 method was lower than TW3 derived by BoneXpert by 1 138 
month, with no significant difference between the two methods in both males and females. 139 
BoneXpert and manually-derived TW3 are compared as Bland Altman plots in Figures 2a and 140 
2b. 141 
Discussion 142 
 143 
Using a reliable method to determine bone age is crucial for clinical and legal purposes. Hence 144 
we sought to analyse the applicability of G&P and TW3 bone age standards to Saudi Arabian 145 
children, who are of different ethnicity to the population used to generate these two standards. 146 
We also sought to compare manual rating to BoneXpert, which software programme has not 147 
previously been used in the Saudi Arabian ethnic group.  148 
In relation to G&P, underestimation by an average of 4 months and 2.5 months was observed 149 
in males using manual rating and BoneXpert, respectively. In females, both manual rating and 150 
BoneXpert, overestimated their age by 1 month and 2 months respectively. These findings 151 
are in line  with the study by Alhadlaq et al. who found that the bone age of children from Saudi 152 
Arabia aged 9 to 15 tended to be lower than chronological age by 8 months (10). In other 153 
Asian populations, a large number of studies have shown that the G&P atlas is not applicable 154 
due to the large differences between bone age and chronological age (7,10,19–27,11–18). 155 
Generally, the G&P atlas seems to underestimate Asian boys during early and mid-childhood 156 
and overestimate boys during adolescence. The findings of these studies are summarised 157 
beside our findings in Table 6. 158 
Similar to the G&P atlas, the TW3 method underestimated females and males in younger age 159 
groups, and overestimated females and males after the age of 9 and 12 years, respectively. 160 
Although, there was no significant different between BA and CA when using the TW3 method 161 
in females, the TW3 underestimated BA in males by an average of 2.5 months. These finding 162 
were also recently observed in the Thai population (27). Other studies on Asians have shown 163 
that young adults are reaching the end of maturity prior to the age observed through the TW3 164 
method (7,16). The mean difference between BA and CA observed in similar research that 165 
focused on Asian populations is summarised in Table 6.  166 
One of the main factors that has an impact on skeletal maturation rate is ethnicity (18,23,28–167 
30). This impact has been shown by studies that sought to test the applicability of the methods 168 
on two different ethnic groups residing in the same region (13,17,31). One of these studies 169 
showed that the G&P atlas was only applicable to Asian children between 7 and 13.5 years 170 
(13). Additionally, it seems that Asian children mature sooner than  Caucasian children, 171 
especially between 10 and 13 years of age in girls and between 11 and 15 years of age in 172 
boys (17).  173 
Socioeconomic status is another factor that may affect skeletal maturation. Bone age is 174 
usually delayed in children of low and advanced in those of high socioeconomic status (32). 175 
Some authors suggest that the inapplicability of the bone age standards is more likely to be 176 
due to differences in socioeconomic status than ethnicity. For example, Asians-Japanese  177 
children living in Japan were skeletally delayed between the age of 5 and 18 years in 178 
comparison to the Caucasian children who lived in Cleveland (US) at all age groups (33). 179 
However, Greulich argued that this was not due to ethnicity, as Japanese children living in 180 
California were skeletally delayed only between 5 to 7 years, which was attributed to less 181 
favourable environmental conditions, which can be interpreted as low socioeconomic status 182 
(33).  183 
This delay was attributed to unfavourable environments of which socioeconomic status is part.  184 
Although BoneXpert agreed with the manual rating in the overall over/underestimation pattern, 185 
there was a statistically significant difference between the two methods in males but not in 186 
females. This may be due to the method by which BoneXpert calculates G&P bone age; the 187 
software does not include the carpal bones in its assessment. In our study, male radiographs 188 
in the younger age groups appeared to show less maturity in the carpal compared to the other 189 
bones of the hand (Figure 3). This has also been highlighted in other populations, in which 190 
carpal maturation pattern has influenced bone age assessment results (10,14,34). However, 191 
the value of the carpal bones in bone age assessment has been questioned due to the poor 192 
correlation between carpal bone development and chronological age. Johnston and Jahina 193 
concluded that the accuracy of bone age assessment increased when the carpal bones were 194 
illuminated (35). If this is the case, then the BoneXpert-dervied BA results in the current study 195 
are more reliable than the manual results for which all hand and carpal bones were assessed. 196 
BoneXpert could not assess approximately half of all radiographs, mainly because the images 197 
were post-processed using a sharpening algorithm, which gave them excessively sharp 198 
borders, rendering them unreadable by the software. 199 
The relatively small number of radiographs included in each age group for Bonexpert analysis 200 
compared to manual rating, may have contributed to the differences between BoneXpert and 201 
manually-derived BA.  202 
The limitations of this study include 1) socioeconomic status was not reported due to 203 
insufficient information; 2) hospital notes were not reviewed to ascertain full health in the 204 
children (although radiology and ED notes were scrutinised) 3) both left and right hand 205 
radiographs were used; traditionally BA has been assessed from left hand radiographs, 206 
however, it has been shown that there is no significant difference in G&P or TW3 BA between 207 
left and right hands ((36)) and so this should not have affected our results and 4) only certain 208 
age groups were included in BoneXpert analysis, namely between 2 and 15 years old in 209 
females and between 2.5 and 17 years in males. This was unavoidable because the software 210 
tool is unable to read images from younger age groups due to limited ossification or non-211 
ossification of epiphyses, while its dependability is questionable when used in older age 212 
groups. Having said that, due to recruitment method (children attending an Emergency 213 
Department with hand trauma) and the high rejection rate of the software within as a result of 214 
insufficient image quality, some of the age groups included in the BoneXpert analysis had 215 
fewer than 5 radiographs (Tables 2 to 5), and the results of this study in these age groups 216 
should be treated with caution.   217 
 218 
 219 
 220 
 221 
Conclusion 222 
 223 
Our results indicate that the G&P and TW3 manual and BoneXpert methods can be applied 224 
to Saudi Arabian females. However, significant differences between BA and CA were apparent 225 
in Saudi Arabian males for manual and BoneXpert-derived G&P and TW3 BA but not for 226 
BoneXpert-derived TW3 BA.  227 
 228 
 229 
Tables legend 230 
Table 1: Mean difference (±SD) in years, between BA and CA in females and males 231 
Table 2: Mean difference (±SD) in years, between GP BA (manual and BoneXpert) and CA in females 232 
Table 3: Mean difference (±SD) in years, between GP BA (manual and BoneXpert) and CA in males 233 
Table 4: Mean difference (±SD) in years, between TW3 BA (manual and BoneXpert) and CA in females 234 
Table 5: Mean difference (±SD) in years, between TW3 BA (manual and BoneXpert) and CA in males 235 
Table 6: Mean difference between BA and CA in studies that assessed the reliability of the G&P and 236 
TW3 methods in Asian Children 237 
Figure legends: 238 
Figure 1: Bland Altman plot comparing manual and BoneXpert ratings using the G&P method. 239 
a) Females   b) males 240 
Figure 2: Bland Altman plot comparing manual and BoneXpert ratings using the TW3 method. 241 
a) Females   b) males 242 
 243 
Figure 3: DP L hand radiograph of a male, chronological age 5 years and 7 months, showing less 244 
maturity in the carpal area compared to the other bones of the hand 245 
 246 
   247 
 248 
 249 
 250 
 251 
 252 
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Table 1: Mean difference (±SD) in years, between BA and CA in females and m les   
 
Manual rating  
Sex No Mean CA (±SD) Mean BA (±SD) 
(Observer 1) 
Mean difference BA-CA p value  
G&P BA vs CA Female 200 10.21 (± 4.4) 10.34 (±4.8) 0.13 (± 1.2) 0.089 
Male 220 10.48 (± 4.8) 10.12 (±5.2) -0.36 (± 1.0) <0.01 
TW3 BA vs CA Female 164 8.80 (±3.6) 8.88 (± 3.8) 0.08 (± 1.1) 0.413 
Male 189 9.59 (± 4.4) 9.37 (±4.7) -0.22 (± 0.9) 0.03 
BoneXpert rating  Sex No Mean CA (±SD) Mean BA (±SD) 
(Observer 1) 
Mean difference BA-CA p value  
G&P BA vs CA Female 98 9.02 (± 3.7) 9.18 (± 4.0) 0.16 (± 1.0) 0.06 
Male 114 9.89 (± 3.9) 9.68 (± 4.0) -0.21 (±  0.8) 0.03 
TW3 BA vs CA Female 96 8.45 (±3.38) 8.58 (±3.6) 0.13 (± .9) 0.22 
Male 111 9.85 (± 3.9) 9.73 (± 3.9) -0.12 (± 0.9) 0.09 
 
Table 1
Table 2: Mean difference (±SD) in years, between GP BA (manual and BoneXpert) and CA in females 
 
  Manual Rating   BoneXpert Rating 
Age 
(years) 
No 
Mean  
difference 
(±SD) p value No 
Mean 
difference 
(±SD) p value 
1 4 0.04 0.43 0.86  - - - 
2 4 0.48 0.65 0.24 3 0.68 0.46 0.16 
3 9 -0.41 0.87 0.20 5 0.12 0.44 0.25 
4 11 0.03 0.75 0.89 6 0.38 0.62 0.43 
5 12 0.21 0.71 0.11 8 0.42 0.79 0.20 
6 13 -0.68 1.02 0.03 7 0.32 1.19 0.21 
7 14 -0.25 1.10 0.47 6 -0.02 0.96 0.91 
8 14 -0.36 0.95 0.18 9 -0.38 0.82 0.08 
9 17 -0.41 1.40 0.23 11 -0.29 1.47 0.52 
10 13 0.22 1.63 0.65 5 0.47 0.92 0.38 
11 15 0.71 1.48 0.08 10 0.35 1.02 0.36 
12 14 1.10 1.20 0.00 9 0.89 1.26 0.08 
13 16 0.83 1.47 0.04 6 0.98 1.16 0.03 
14 11 0.46 1.37 0.29 6 0.41 1.24 0.37 
15 12 0.56 1.50 0.22 7 0.02 1.01 0.96 
16 8 0.18 1.32 0.72 - - - - 
17 8 0.01 0.73 0.97 - - - - 
18 5 -0.12 0.34 0.13 - - - - 
 
Table 2
 
Table 3: Mean difference (±SD) in years, between G&P BA (manual and Bo eXpert) and CA in males 
 
  Manual Rating   BoneXpert  
Age 
(years) 
No Mean (±SD) p value No Mean (±SD) p value 
1 5 -0.30 0.66 0.37  - - - 
2 7 -0.20 0.63 0.40 3 0.29* 0.59 0.61 
3 14 -0.26 0.85 0.28 7 0.04 0.62 0.83 
4 11 0.33 0.53 0.07 6 0.41 0.58 0.14 
5 13 -0.35 0.59 0.06 8 0.25 0.58 0.24 
6 10 -0.21 0.65 0.39 6 0.11 0.63 0.69 
7 15 -0.72 1.00 0.01 10 -0.31 0.88 0.18 
8 12 -1.12 1.20 0.01 8 -0.97 1.06 0.01 
9 14 -1.03 1.09 <0.00 9 -0.97 1.13 <0.01 
10 12 -0.84 1.16 0.02 6 -0.72 1.07 0.09 
11 15 -0.43 0.92 0.08 7 -0.17 1.03 0.48 
12 14 -0.57 1.05 0.11 8 -0.36 0.91 0.30 
13 13 -0.38 0.98 0.13 8 0.07 1.11 0.72 
14 12 0.33 1.28 0.44 6 0.26 1.05 0.48 
15 16 0.51 1.08 0.11 12 0.17 1.16 0.53 
16 15 0.56 1.13 0.10 7 0.40 0.71 0.04 
17 13 0.22 0.85 0.35 3 -0.24 0.64 0.34 
18 9 0.07 0.77 0.78 - - - - 
 
Table 3
 
Table 4: Mean difference (±SD) in years, between TW3 BA (manual and BoneXpert) and CA in females 
 
  Manual Rating  BoneXpert 
Age 
(years) 
No Mean (±SD) p value No Mean (±SD) p value 
2 4 0.66* 0.32 0.03 2 0.21* 0.21 0.04 
3 9 0.28 0.48 0.12 5 0.19 0.34 0.20 
4 11 0.35 0.66 0.11 6 0.30 0.78 0.44 
5 12 0.08 0.51 0.59 8 -0.19 0.64 0.53 
6 13 -0.35 0.73 0.08 7 -0.12 0.88 0.70 
7 12 -0.21 0.75 0.37 6 -0.15 0.98 0.73 
8 14 -0.26 0.90 0.31 9 -0.63 0.76 0.04 
9 15 0.14 1.11 0.60 11 -0.27 1.16 0.45 
10 13 0.22 1.27 0.56 5 0.82* 1.02 0.06 
11 15 0.59 0.87 0.02 10 0.53 1.18 0.24 
12 14 0.68 0.97 0.00 9 0.81 0.96 0.05 
13 14 0.16 1.16 0.09 6 0.80 0.91 0.03 
14 11 -0.07 0.38 0.08 6 0.28 0.71 0.12 
15 
7 -0.53* 0.34 0.02 6 -0.1* 0.35 0.15 
 
*less than 5 radiographs  
Table 4
 
 
Table 5: Mean difference (±SD) in years, between TW3 BA (manual and BoneXpert) and CA in males 
 
  Manual Rating  BoneXpert 
Age 
(years) 
No Mean (±SD) p value No Mean (±SD) p value 
2 9 0.44 0.68 0.14 3 0.82* 0.31 0.17 
3 11 0.05 0.47 0.72 7 0.48 0.48 0.04 
4 12 0.02 0.56 0.89 6 0.62 0.80 0.12 
5 10 -0.11 0.50 0.43 8 0.16 0.46 0.32 
6 13 -0.33 0.46 0.09 6 0.04 0.50 0.87 
7 12 -0.23 0.72 0.22 10 -0.26 0.63 0.23 
8 14 -0.84 1.00 0.01 8 -0.44 0.88 0.20 
9 12 -0.58 0.92 0.03 9 -0.68 0.78 0.03 
10 15 -0.43 0.96 0.13 6 -0.59 0.73 0.08 
11 14 -0.17 1.13 0.58 7 -0.21 0.90 0.46 
12 13 0.06 1.04 0.84 8 -0.27 1.36 0.59 
13 12 0.58 1.09 0.05 8 0.47 1.30 0.25 
14 16 0.46 1.11 0.23 6 0.73 1.08 0.16 
15 
14 0.22 0.68 0.22 12 0.12 0.65 0.59 
16 
9 -0.16 0.36 0.03 7 -0.21* 0.19 0.07 
17 
3 -0.85 0.25 0.00 - - - - 
 
* less than 5 radiographs  
 
Table 5
Table 6: Mean difference between BA and CA in studies that assessed the reliability of the G&P atlas and TW3 
method in Asian children 
Study  Origin/ 
ethnicity  
Age  
(years) 
N Mean BA-
CA 
(years) 
       
       p value 
So & Yen 1990 Chinese 11.9-12.3 F=117 F= 0.6 < 0.01 
So & Yen 1991 Chinese 11.9-12.3 F=117 F= 0.6 NR 
Ontell et al, 1996 Asian 1-18 M=63 
F=30 
M= -0.03 
F= 0.27 
M= < 0.05 (after age of 3 
years) 
F= > 0.05 
Krailassiri et al, 
2002 
Thai 7-19 M=139 
F=222 
M= -0.8 
F= 0.8 
NR  
Chiang et al, 2005 Taiwan 7-19 M=230 
F=140 
M= 0.82 
F= -0.3 
M= < 0.05 (at age of 
3,4,6,7,8,10,12-17 years) 
 
F=  <0.05 (at age of 2, 13 -
15 years) 
Al -Hadlaq et al, 
2007 
Saudi Arabian  7-15 M=115 M= -0.71 M= <0.05 
Griffith et al, 2007 Chinese 0-18 M=650 
F=366 
M= 0.25 
F= 0.15 
M= < 0.05 (at age of 3-
7,10 ,13,14,17 years) 
 
F= < 0.05 (at age of 
3,4,9,10,12,13 years) 
 
Zhang et al, 2009 Asian 0-18 M=165 
F=166 
M= 0.41 
F= 0.24 
M= < 0.05 
F=  < 0.05 
Zafar et al, 2010 Pakistan 0-18 M=535 
F=354 
M= 0.1 
F=- 0.19 
M= < 0.05 (at all ages 
except after age of 13 years)  
F= < 0.05  
Moradi et al, 2012 Iran 6-18 M=303 
F=122 
M= 0.37 
F=- 0.04 
M= 0.63 
F= 0.59 
Soudack et al, 
2012 
Iseral  0-18 M=375 
F=304 
M= 0.16 
F=-0.04 
M= <0.05 
F= 0.188 
Patil et al, 2012 India 1-19 M=194 
F=181 
M= 0.69 
F= 0.64 
M= < 0.05 (at age of 
4,5,9,10,13,15 years) 
 
F= <0.5 (at age of 2,5,6,15 
years) 
 
Awais et al, 2014 Pakistani  0-18 M=136 
F=147 
M= -1.3 
F= 0.06 
M=<0.001 
F= 0.695 
Mansourvar et al, 
2014 
Asian American 1-8 M=48 M= 0.87 M= <0.05 
Table 6
Mughal et al, 2014 Pakistan  4.5-9.5 M=139 
F=81 
M= -1.3 
F= 0.55 
M=<0.001 
F=<0.001 
Rai et al, 2014 India 5-15 M=75 
F=75 
M= -0.07 
F= -0.33 
F=<0.01 
M=<0.01 
Kim et al, 2015 Korean  7-12 M=135 
F=77 
M= -0.48 
F= -0.02 
NR 
Mohammed et al, 
2015 
South India  9-20 M=330 
F=330 
M= -0.23 
F= 0.02 
M= < 0.05 (at age of 
11,13,16-19 years) 
 
F= <0.5 (at age of 10,11,15-
19 years) 
 
Benjvongkulchia 
et al 2018 
Thai  8-20 M=172 
F=193 
M= 0.42 
F= 0.90 
M=<0.001 
F=<0.001 
TW3 method  
Ashizawa et al, 
2005 
Beijing 6-16 M=631 
F=642 
M= 0.07 
F= 0.11 
NR 
Griffith et al, 2007 Hong Kong 0-18 M=645 
F=329 
M= 0.22 
F= 0.3 
M= < 0.05 (at age of 
2,4,7,10 ,13,14,17 years) 
 
F= < 0.05 (at age of 3,11-8 
years) 
 
Kim et al, 2015 Korean 7-12 M=135 
F=77 
M= 0.41 
F= 0.12 
NR 
Benjvongkulchia 
et al 2018 
Thai  8-20 M=172 
F=193 
M= -0.12 
F= 0.40 
M=<0.001 
F=<0.001 
 
A positive value for the mean difference between BA and CA indicates advanced while a negative value 
indicates delayed bone age compared to chronological age, M = males, F = females, NR = not reported 
 
 
 
